INTRODUCTION
============

Stroke is the leading cause of morbidity, mortality, and socio-economic burden worldwide. Post-stroke spasticity (PSS), a major complication of stroke, occurs in about 19% of patients within 3 months and in 38% of patients within 1 year after stroke \[[@B1]\]. PSS causes stroke survivors to experience disabilities, especially in mobility and performance of activities of daily living (ADLs), and leads to a poorer quality of life. Therefore, without appropriate treatment or support, patients with PSS may experience a more debilitating medical condition resulting in further social isolation and increase in the economic burden \[[@B2]\].

A multidisciplinary approach to PSS treatment, which includes muscle stretching, medication, and injection of botulinum toxin, is commonly employed in rehabilitative management \[[@B3]\]. However, the side effects from pharmacologic treatment with central-acting muscle relaxants (i.e., fainting, somnolence, and ataxia) can increase the fall-down risk, disrupt rehabilitation therapy, and affect ADLs. Although chemodenervation with botulinum toxin is a valuable treatment option for the management of spasticity, the injectant is expensive, and re-injection is required every 3-4 months. Additionally, this treatment is not effective for patients with antibodies to the toxin \[[@B4]\].

Recently, many researchers have reported antispasticity management using a physical vibrator in spinal cord injury and cerebral palsy patients \[[@B5],[@B6],[@B7]\]. The effects of whole body vibration on the recovery of motor function have been studied in stroke survivors with PSS, but the results were not satisfactory \[[@B8],[@B9]\]. Alternatively, significant improvements in neurophysiological status, motor function, and reductions in spasticity have been reported on using segmental or focal vibration \[[@B10],[@B11],[@B12],[@B13],[@B14]\]. In previous studies, the parameters and location of vibratory stimuli varied (frequency, 50-120 Hz; amplitude, 10 µm-2.0 mm; location, muscle belly or tendon). The most appropriate settings for vibratory parameters and location have not been established. Therefore, we developed a miniaturized focal vibrator, which was easy to install anywhere, with optional variable combination(s) of parameters. The goal of this study was to evaluate the differences in electrophysiological effects according to the location of vibration (muscle belly vs. tendon). We measured the changes in the Hoffman (H)-reflex, which is the representative surrogate marker for spasticity, in healthy volunteers using the focal vibrator.

MATERIALS AND METHODS
=====================

Participants
------------

Experiments were performed on 10 healthy male volunteers (mean age, 26.10±1.70 years; mean height, 176.27±4.72 cm; mean body weight, 73.56±8.10 kg; mean body mass index, 23.65±1.73 kg/m^2^). None of the participants had a neuromuscular disorder. A detailed physical examination before the experiments revealed no definite abnormal findings in any of the participants. Written informed consent was obtained from all participants. The study\'s protocol was approved by the Institutional Review Board of Seoul National University Hospital.

Focal vibrator
--------------

The focal vibrator was designed to be as small and as lightweight as possible. The device had a cylindrical shape with an anchor (approximately 27 mm high, 48 mm in diameter). The part that contacted the skin protruded from the base (2 mm high, 10 mm in diameter). The custom-made vibrator consisted of a flat DC micromotor with an integrated encoder (Dr. Fritz Faulhaber GmbH & Co. KG, Schönaich, Germany) and an offset unbalanced mass rotating about the motor shaft ([Fig. 1](#F1){ref-type="fig"}). The direction of the anchor and strap was perpendicular to the shaft of the motor and the long axis of the muscle or tendon so that the vector of vibratory stimulus was parallel to the muscle fiber.

The vibrator was designed such that the frequency and amplitude could be adjusted by switching its speed of rotation using a conventional proportional-integral-derivative control scheme. The vibrator was controlled by a custom-made AVR (Atmel Corp., San Jose, CA, USA) that communicated with a host personal computer via ZigBee wireless specification (Digi International Inc., Minnetonka, MN, USA). The vibration parameters were verified by measuring the position of the vibrator with respect to a fixed frame. The frequency was obtained using the fast Fourier transformation from the time history of change in position. The amplitude of the vibration varied according to the frequency. In this study, we set the parameters to 65 µm at 70 Hz vibration on a flat rigid surface. The parameters related to the effect of vibration on spasticity varied in previous studies (frequency, 50-120 Hz; amplitude, 10 µm-2.0 mm). We selected as low a frequency as possible to avoid the tonic vibration reflex, which develops with high frequency stimulation \[[@B15]\]. An 80-Hz stimulation easily triggers proprioceptive problems, such as illusion of limb movement and displaced position \[[@B16]\]. Considering these possible side effects, we decided to use a 70-Hz vibratory stimulation. The amplitude of vibration in this study (65 µm) was safe (no discomfort and no skin or muscle injury), and had good energy efficiency.

The vibrator was affixed over the participants\' Achilles tendon or medial gastrocnemius muscle by a small brace with a Velcro band. The actual amplitude of the vibration was believed to be dependent on the tension of the brace, stiffness of the tendon or muscle, and the orientation of the vibrator with respect to the gravity. We are currently investigating this issue.

The recording technique of the H-reflex
---------------------------------------

The subjects were in a prone position with their feet hanging over the bed ([Fig. 2](#F2){ref-type="fig"}). The H-reflex and M-response were measured using electromyographic equipment Medelec Synergy (CareFusion, San Diego, CA, USA). The instrumentation parameters were as follows: high-pass filter, 10 Hz; low-pass filter, 1 kHz; and sweep speed, 5 ms/division. The disposable, self-adhesive, round surface electrodes (2.0 cm Ag-AgCl electrodes) were used as active and reference electrodes. A line connecting the medial femoral condyle with the medial malleolus was bisected for the active electrode location in the left medial gastrocnemius muscle belly ([Fig. 2A](#F2){ref-type="fig"}). The reference electrode was attached to the calcaneal insertion of the left Achilles tendon. The tibial nerve was stimulated using a hand-held bipolar stimulator at the popliteal fossa. A rectangular ground electrode (4.2 cm×6.0 cm Ag-AgCl electrode) was attached to the skin between the active electrode and the stimulator. We could not uptake the electrophysiological outcomes at the same point of vibration because the H-reflex was consecutively evaluated during vibration. To prevent vibration artifacts, the active electrode was at least 1 cm apart from the focal vibrator. We failed to elicit an H-reflex in one participant, but shifting the electrodes to the right side resulted in coherent outcomes as in the other participants. The maximum amplitude of the H-reflex (H~max~) was determined by gradually increasing the stimulation intensity from 5 mA, delivered at a rate of 0.5 Hz to avoid post-activation depression. The maximum amplitude of the M-response (M~max~) was thrice that of supramaximal stimulation.

Experimental protocol
---------------------

The vibratory stimulation in the first part of this experiment (test 1) was administered on the Achilles tendon at 2 cm proximal to the reference electrode ([Fig. 2B](#F2){ref-type="fig"}). The electrophysiological parameters were evaluated 7 times in test 1 at baseline (T0), 5 (T1), 10 (T2), 15 (T3), and 20 (T4) minutes during vibration and additionally at 1 (T5) minute and 5 (T6) minutes after holding the vibration. Following test 1, test 2 was conducted after 10 minutes of resting. In test 2, we relocated the vibrator to the belly of the gastrocnemius muscle 5 cm lateral to the midpoint between the medial tibial condyle and the medial malleolus ([Fig. 2C](#F2){ref-type="fig"}). After binding the vibrator on the muscle belly, the active recording electrode was repositioned at the point of the maximal compound motor action potential, considering the results from test 1; therefore, we were able to minimize the effect of the conformational changes from strapping the vibrator to the proximal calf in test 2. Seven consecutive evaluations were performed in test 2, as in test 1, and 14 H-reflex evaluations were obtained ([Fig. 3](#F3){ref-type="fig"}).

Outcome measures were as follows: 1) minimal onset latency of the H-reflex (MOL); 2) maximal amplitude of the M-response (M~max~); 3) maximal amplitude of the H-reflex (H~max~); 4) the ratio of the H~max~ to M~max~ (HMR); and 5) the ratio of the H~max~ after vibration to the H~max~ before vibration (vibratory inhibition index \[VII\]).

Data analysis
-------------

The effects of the vibration location (tendon vs. muscle belly) and the time difference were analyzed using generalized estimating equations (GEE) to adjust for clustering effects, since the data were obtained from 14 repetitive H-reflex evaluations in each subject. Two baseline values of each location were used as covariates, and automated regression was the working correlation matrix used in these analyses. Vibration location and time were used as independent variables in the models for each parameter, and 4 final models were acquired (MOL, H~max~, HMR, and VII). The SAS statistical software ver. 9.2 for Windows (SAS Institute Inc., Cary, NC, USA) was used for analyses.

RESULTS
=======

The means and standard deviations of each parameter of the H-reflex from 10 participants were presented in [Table 1](#T1){ref-type="table"}. The MOL was not changed in relation to vibration or no vibration. Other parameters (H~max~, HMR, and VII) intermittently decreased during vibration and promptly increased after vibration. Compared to the tendon vibration test, the degree of decrease was greater in the muscle belly vibration ([Figs. 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). Although one participant reported mild muscle fatigue, recovery occurred in 10 minutes. There were no other reports of considerable side effects from the vibration (i.e., tonic vibration reflex, proprioceptive illusion, pain, skin problem, and contusion).

Minimal onset latency of the H-reflex
-------------------------------------

The location (χ^2^=0.42, p=0.52) and time (χ^2^=11.62, p=0.07) did not show statistical significance in the MOL model.

Maximal amplitude of the H-reflex
---------------------------------

The statistical model of the H~max~ verified the significant differences related to location (χ^2^=4.02, p=0.04) and time (χ^2^=53.74, p\<0.01). In this model, the H~max~ in the muscle belly vibration was expected to be 1.99 mV lower than in the tendon vibration on adjustment of time effects. Eliminating the location effects, the values of all time points after vibration (T1-T6) significantly decreased compared to the baseline (T0). Although the H~max~ after vibration (T5, T6) also reduced, the degree of decrease was small ([Table 2](#T2){ref-type="table"}).

The ratio of the H~max~ to M~max~
---------------------------------

The change in HMR over time was significant (χ^2^=20.49, p\<0.01), but location effect showed borderline significance (χ^2^=2.66, p=0.10). The muscle belly stimulation resulted in an 11.38% greater decrease than tendon vibration, on adjusting for time effect. Similar to the pattern of the H~max~ change, the HMR also decreased at all time points, but the differences during stimulation (T1-T4) were higher than after vibration (T5, T6) ([Table 2](#T2){ref-type="table"}).

Vibratory inhibition index
--------------------------

Since the VIIs at T0 in all participants were 100% by definition. The analysis based on them was statistically inappropriate. Therefore, as opposed to the MOL, H~max~, and HMR, the statistical model was established using VII at T1 as covariate. Both the location effect (χ^2^=4.54, p=0.03) and time effect (χ^2^=13.16, p=0.02) were independently significant ([Fig. 5](#F5){ref-type="fig"}). The VII in muscle belly vibration was expected to be 9.02% smaller than in tendon stimulation on adjustment of the effect of time. After time correction, the VII decreased during vibration and recovered after vibration (T2-T1: -1.26%, p=0.56; T3-T1: -0.96%, p=0.59; T4-T1: -1.19%, p=0.67; T5-T1: 10.15%, p\<0.01; and T6-T1: 11.48%, p\<0.01).

DISCUSSION
==========

The aim of this study was to verify the difference in electrophysiological effects of a focal vibrator according to the location of stimulation in healthy people. The experiment consisted of 2 subtests that differed solely in stimulation location (muscle belly vs. tendon). All participants completed the 14 consecutive H-reflex evaluations to identify the changes in H-reflex parameters during vibration (20 minutes) and after stimulation (5 minutes). The models using the GEE were established for each of the 4 parameters (MOL, H~max~, HMR, and VII), and statistical analyses were performed.

We demonstrated a significantly higher decrease in the H~max~ and VII in vibration on the muscle belly than on the tendon, after time correction. We observed and confirmed the changes over time on adjustment of location effect. All parameters except the MOL (H~max~, HMR, and VII) decreased 5 minutes after stimulation, and the decrements were maintained during vibration but recovered immediately after turning off the vibrator.

When vibration is applied to a muscle or tendon, alpha-motoneuron excitability is decreased while the presynaptic inhibition is increased, resulting in reduction in the tone of the stimulated muscle. Previous studies suggested that the decrements in the H~max~, HMR, and VII after vibration were correlated with reduced muscle tone and electrophysiological changes \[[@B17],[@B18]\]. However, apart from the muscle tone reduction, vibration can also produce the tonic vibration reflex, which usually appears with high frequency and low amplitude stimulation \[[@B15]\]. The electrophysiological effects of vibration can be varied by frequency or amplitude and posture or the degree of contraction. In this study, 70 Hz with 65 µm vibration on the relaxed gastrocnemius in prone position resulted in decreased motoneuron excitability and presynaptic inhibition, but tonic vibration reflex was not observed.

To verify the difference of vibration location in a muscle, the same protocol was applied to two subtests for the muscle belly and tendon. We selected the gastrocnemius muscle, which is located in a relatively superficial layer, because we thought that the stimulation of a superficial muscle using as low of an energy level as possible was suitable for verifying the effect of focal vibration. Actually, considering that the muscle belly has a higher density of muscle spindles, we can expect the change in the electrophysiological effects to be larger in the muscle belly than in the tendon. The vibration location varied in previous studies that reported a positive effect of vibration on spasticity and related functional impairment. Noma et al. \[[@B12],[@B19]\] reported that vibration to the volar side of the fingers, palm, wrist flexor tendon, and muscle belly of the biceps brachii had antispastic effects in the hemiplegic upper limbs of stroke patients. Marconi et al. \[[@B13],[@B20]\] suggested that muscle belly stimulation of the flexor carpi radialis and biceps brachii resulted in improving spasticity and motor function with a parallel change in intracortical inhibition. Other studies applying vibration on the tendon area also reported an antispastic effect. The vibration location in the study by Liepert and Binder \[[@B14]\] was the tendo-muscular passage of the extensor carpi radialis, Conrad et al. \[[@B10]\] stimulated the tendon area of the wrist flexor, and Caliandro et al. \[[@B21]\] positioned the vibrator on the distal tendon insertion site. No study has been designed to verify the difference of vibration location in a muscle. Therefore, we focused on investigating the optimal location of vibration in a muscle, which would have a more antispastic effect between the muscle belly and the tendon.

Vibration is the sinusoidal mechanical displacement represented by frequency and amplitude. Vibratory stimulation is known to result in neurophysiological change through mechanoreceptors in the muscles and tendons, such as the muscle spindle and Golgi tendon organ \[[@B22]\]. Using a miniaturized vibrator for focal stimulation, we measured the parameters of the H-reflex and addressed the differences based on the location of that device. We observed a significantly higher degree of decrease in the H~max~ and the VII for muscle belly stimulation than tendon stimulation. The HMR also showed a similar difference according to location of the vibration (11.38% lower in muscle belly stimulation) with moderate significance (p=0.10). This difference is thought to be due to the distribution of the mechanoreceptors in the muscle. The muscle spindles mainly distribute within the deeper muscle regions according to the branching pattern of the neurovascular bundle \[[@B23]\]. Conversely, the Golgi tendon organs are known to be located relatively near tendons \[[@B24]\]. Among various mechanoreceptor networks, the Ia afferent fiber population response via muscle spindles is likely to be the largest \[[@B22]\]. In this study, muscle belly stimulation, where the density of muscle spindles is relatively high, elicited larger changes in the H-reflex parameters than tendon vibration. Though other muscles are expected to have a similar response, optimization of the vibration location may be necessary. The distribution of mechanoreceptors is dependent on the type of muscle \[[@B25]\].

We also performed a comparison of the baseline between test 1 and test 2 using the Wilcoxon signed-rank test. The H~max~ and HMR before test 2 were significantly lower than before test 1, 10.93% (79.17% of test 1, p=0.01) and 2.03 mV (76.69% of test 2, p\<0.01), respectively. In contrast, the MOL did not show any significant difference (p=0.08) ([Table 1](#T1){ref-type="table"}). The mean H~max~ before test 2 (6.68 mV) was smaller than that after test 1 (T6, 8.17 mV, p=0.04). Therefore, the residual effect of vibration from test 1 affecting test 2 should be considered. However, the long-term effect had minimal impact on the main findings of this study and their interpretation as follows: firstly, previous studies reported that the inhibitory effect on the H-reflex from vibration disappeared quickly. The experiments of van Boxtel \[[@B17]\], who conducted consecutive measurements of the H-reflex during vibration, showed intermittent depression during 2 minutes of stimulation and immediate recovery after stopping vibration near the baseline. In this study, we designed a 15-minute washout period, which included 5 minutes after stopping vibration in test 1 and a 10-minute interval between the subtests. We judged that it was sufficient to dilute the effect of previous vibration. Secondly, the results of test 1 after vibration already showed almost full recovery. For example, the H~max~ of test 1 at T5 and T6 was restored to 93.3% and 93.8% of T0, respectively. The baseline of test 2 was below 80% of that in test 1, so that residual effect could not explain this difference. Lastly, the possible effects on the results of this study from the baseline differences of parameters between the two subtests were controlled using statistical methods. We set the statistical models of the MOL, H~max~, and HMR using the baseline parameters as a covariate, so that larger decrease of the H~max~ and HMR was found in muscle belly vibration ([Table 2](#T2){ref-type="table"}). We also confirmed the location effect on the VII, which was originally adjusted for the baseline in each subtest (χ^2^=4.54, p=0.03). Considering these explanations, the baseline difference between the two subtests was due to another cause. The most plausible reason would be the location change of the vibrator. When the location was shifted from the Achilles tendon to the calf, the silhouette of soft tissue and muscle around the vibrator differed and the recording electrode might have changed inevitably. To eliminate this conformational change between the subtests, we plan to conduct the experiments in random order after the installation of two vibrators on the tendon and muscle belly in advance.

The immediate electrophysiological response to vibration was found in both the tendon and muscle belly stimulation test. We can confirm the depression of the H-reflex parameters not only at 5 minutes after starting vibration but also at 1 minute after holding the stimulation. These results are compatible with previous studies \[[@B17],[@B26]\]. Conversely, the degree of change in this study (20%-30%) was relatively smaller than in the previous studies (40%-50%) \[[@B27]\]. Several factors, such as the muscle type and parameters of vibration, may be related to the difference. The muscle stimulated in most other studies was the soleus \[[@B27]\], but the gastrocnemius was stimulated in this study. As previously mentioned, the distribution of mechanoreceptors differs among the types of muscles \[[@B25]\], accordingly the electrophysiological response to specific stimulation is expected to be different. The change in the H-reflex from vibratory stimulation is known to have correlated with the parameters of vibration \[[@B28]\]. The frequency and amplitude used in this study would have produced a relatively lower energy compared to other studies. We selected the appropriate parameters, which were safe and energy efficient, and elicited the sufficient electrophysiological response simultaneously. Although the decrease was smaller than in previous studies, we verified that 70 Hz and 65 µm vibration led to a significant H-reflex change.

About 30 years ago, Lance \[[@B29]\] defined spasticity as a motor disorder characterized by a velocity-dependent increase in muscle tone, resulting from hyperexcitability of the stretch reflex, which is known as the representative clinical manifestation of the upper motor neuron disease (e.g., stroke and spinal cord injury). The definition is based on the classical model of spasticity related to muscle spindle, spinal reflex circuit, and the upper motor neuron. Recently, Lance\'s definition was determined to be limited, because hyperexcitability and motor dysfunction is not matched on occasion. However, it is still widely operational in clinical and research fields that focus on the pathophysiology of spasticity through neurophysiological parameters. The pathophysiology of spasticity derived from recent research can be summarized as follows: 1) a decreased homosynaptic depression at the synapse between the Ia afferent and the motoneuron; 2) changes in the motoneuron properties; and 3) changes in the muscle properties \[[@B30]\].

Reliable and valid assessment of spasticity is essential for experimental and clinical purposes. Many researchers have investigated electrophysiological methods for objective quantitation of spasticity. For example, the H-reflex, F-wave, and electromyographic recordings during movement evoke potential. Among these tests, the H-reflex is the most representative indicator of spasticity, known as the electrical analog of the tendon stretching reflex. It reflects the monosynaptic reflex arc, which consists of sensory afferent fiber (Ia) and alpha-motoneurons \[[@B17]\]. The parameters related to the H-reflex, such as the H~max~, MOL, HMR, VII, are frequently used in many studies \[[@B27]\]. It is well established that the change in the H-reflex parameters represents the electrophysiological aspects of spasticity, such as the alpha-motoneuron excitability, presynaptic inhibition, reciprocal inhibition, recurrent inhibition, and polysynaptic change \[[@B27],[@B31]\]. While the degree of change differs on each report, the results of the H-reflex from a patient with spasticity have demonstrated an overall increase in H~max~, HMR, and VII and a decrease in MOL \[[@B27]\].

The H~max~ is an expression of alpha-motoneuron excitability to excitatory inputs from Ia-afferents \[[@B31]\]. We observed a significant decrease in the H~max~ during vibration, and this direction of electrophysiological change may alleviate spasticity. The HMR is used in many studies in order to compensate the variability of the H~max~ based on individual characteristics \[[@B32]\]. In this study, the HMR was also reduced significantly during vibratory stimulation. Furthermore, we investigated VII, which is the ratio of the H~max~ during vibration to the H~max~ before vibration. An inverse correlation between the VII and presynaptic inhibition has been reported \[[@B18]\]. VII is known to be increased in upper motor neuron disease, which results in reduction of presynaptic inhibition, and it is correlated with the degree of spasticity \[[@B33]\]. Similar to other H-reflex amplitude related parameters, the VII also showed a decrease during vibration, and this change can also lead to reduced spasticity. However, we could not find a significant difference in the MOL of the H-reflex related to vibration or not and the location of stimulation. This may be because the MOL has a larger inter-individual variability and a smaller inter-rater reliability than the H-reflex amplitude-related parameters \[[@B34]\]. The correlation between the MOL and spasticity showed inconsistent results in previous studies. Some researchers reported that a decreased MOL was found in spastic subjects, indicating higher excitability of the motoneuron pool \[[@B35]\]; however, in other studies, values that approach normal levels were also found \[[@B36]\]. In future studies, it would be favorable to use the parameters related to the H-reflex amplitude.

Actually, the neurophysiological effects of vibration were not limited to the level of the spinal cord and below. Vibratory stimulation is a strong proprioceptive stimulus and can reach both the primary somatosensory and motor cortices \[[@B37],[@B38],[@B39]\] and change the intracortical inhibitory circuit \[[@B40]\]. Several studies proposed that the vibration in patients with spasticity can lead to the redistribution of intracortical synapses related to supraspinal motoneuron excitability control, and the effects would be correlated with long-term functional improvement \[[@B17],[@B18],[@B19],[@B20]\]. Vibration can also mechanically mobilize the muscle and connective tissue to alleviate stiffness and contracture. Thus, vibratory stimulation can play an important role in improving the spasticity at different levels of the neuromuscular system.

Recently, many studies have reported using vibratory stimulation to improve spasticity in stroke patients. Depending on the extent of vibration, the type of vibratory method in these studies has been categorized as whole body vibration, segmental vibration, and focal vibration. Whole body vibration transfers the vibratory stimulation to the whole body by using a vibrating platform with the patient in standing or sitting position \[[@B8],[@B9]\]. Segmental vibration can be defined as the way of stimulation in several muscles or tendons with one or several vibrators, though the term has been frequently confused with focal vibration \[[@B11]\]. In contrast to segmental vibration, focal vibration implies a stimulation method with a narrow range of spread, which could vibrate just one muscle or tendon \[[@B10],[@B14],[@B21]\]. The attempt to improve spasticity using whole body vibration has been unsuccessful to date \[[@B8],[@B9]\]. Contrarily, the studies that applied segmental or focal vibration have reported positive results on motor function, improvement of spasticity, and other neurophysiological changes \[[@B10],[@B11],[@B12],[@B13],[@B14],[@B21]\]. Compared to whole body vibration, segmental or focal vibration can be targeted to the muscle with spasticity, resulting in less systematic side effects, such as nausea and dizziness. Through miniaturization of the vibrator, its simultaneous application with other therapies or during everyday life activities is possible. However, the concept of focal or segmental stimulation improving spasticity still lacks clinical evidence, because the number of participants in each study was small and the factors affecting outcomes (i.e., location, parameters of the vibration, and the clinical setting) were not controlled or appropriately compared. The vibrators in previous studies also had some shortcomings for investigating optimal conditions of focal or segmental vibration in various clinical settings. The part that transmitted the vibration was small, but the entire apparatus was too large and heavy to move to other places, adjust to other positions, and apply during other physical therapy treatments. Alternatively, the newly developed focal vibrator used in the current study is light and small. The alteration of vibration parameters and programmable stimulation at multi-sites is possible with a remote control. We expect that a portable vibrator like this would be helpful for investigating the optimal parameters of vibration for improving spasticity.

This study had some limitations that mostly stemmed from its small sample size. We focused on the electrophysiological difference based solely on the vibration location in a muscle. However, future studies on the optimal frequency and amplitude of vibration for improving spasticity have been planned. To confirm the extent of vibrational spread, the outcome measurements in the neighboring and antagonist muscles to the vibrated muscle, are essential. To completely prove the effect of focal vibration on the motor control system, the changes in the central nervous system above the spinal cord level, in the muscle itself, and in the soft tissue should be evaluated. To verify the clinical usefulness of this focal vibrator on spasticity, we need to evaluate the neurophysiological effects in patients with spasticity and to analyze the correlation between electrophysiological changes and functional improvements.

Despite these limitations, we confirmed significant implications for the clinical application of a miniaturized focal vibrator. Firstly, the focal vibratory stimulation had no severe adverse effects and was relatively safe compared to other therapeutic interventions, such as medication and botulinum toxin injection. Secondly, the defined vibratory stimulation on the belly of a specific muscle was possible, and the selective improvement of spasticity was expected. Although the clinical manifestation of spasticity in stroke patients usually has a synergistic pattern, the target of most antispasticity therapy is not the entire muscle with spasticity but the specific muscle that is important for improving the function or symptom. Additionally, spasticity in only one muscle, such as the striatal toe, which is selective tone increase in the extensor hallucis longus muscle, was also found. We expect functional improvements in stroke patients through individualized muscle tone management using a focal vibrator that can selectively stimulate specific muscle. Finally, the newly developed vibrator is portable, so that ADLs and rehabilitation therapy can be performed during application. Range of motion exercise or gait training with simultaneous vibration is thought to be more effective. Furthermore, we expect a portable vibrator for embedded functional orthosis to be developed, which will modulate the muscle tone in real-time.

In conclusion, the neurophysiological surrogate markers of spasticity (H~max~, HMR, and VII) immediately responded to vibrator on and off, reduced, and recovered, respectively. During vibration, the degree of the effect was unchanged. The effect size of the vibration was larger in the muscle belly than in the tendon. Further studies in stroke patients using a focal vibrator are essential to address the selective vibration effect on the improvement of spasticity, gait function, and ADLs.
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![Structure of the focal vibrator. The custom-made vibrator that consists of a flat DC micromotor with an integrated encoder and an offset unbalanced mass rotating about the motor shaft.](arm-38-494-g001){#F1}

![Application of the focal vibrator and the location of the electrodes. The location of the electrodes and focal vibrator are illustrated (A). The focal vibrator is shown on the insertion site of the Achilles tendon (B) and on the muscle belly of the medial head of the gastrocnemius (C).](arm-38-494-g002){#F2}

![Experiment design of the two consecutive tests. Test 1 was the experiment of the tendon vibration and test 2 was the experiment of the muscle belly (medial head of the gastrocnemius muscle). Each test consisted of 20 minutes of vibratory stimulation and 5 minutes of non-vibration. In each test, 7 consecutive Hoffman (H)-reflex measurements were performed: pre-vibration (T0), 5 minutes after vibration started (T1), 10 minutes after vibration started (T2), 15 minutes after vibration started (T3), 20 minutes after vibration started (T4), 1 minute after cessation of vibration (T5), and 5 minutes after cessation of vibration (T6). Between the vibratory stimulation and non-vibration, resting periods of 10 minutes were included to prevent post-activation depression of the H-reflex.](arm-38-494-g003){#F3}

![Changes in the H~max~/M~max~ ratio (HMR). During vibratory stimulation, decrements in the HMR were observed. After the cessation of vibration, the decrements were reduced instantly. The changes in HMR were larger in the muscle belly stimulation test (test 2) than in the tendon vibration test (test 1).](arm-38-494-g004){#F4}

![Changes in the vibratory inhibition index. The pattern of changes was similar to that of the H~max~/M~max~ ratio.](arm-38-494-g005){#F5}

###### 

Changes in the H-reflex parameters before, during, and after 20-minute vibration in two consecutive tests

![](arm-38-494-i001)

Values are presented as mean±standard deviation (n=10).

T0, the time point of 1 minute before starting vibration; T1, the time point of 5 minutes after starting vibration; T2, the time point of 10 minutes after starting vibration (baseline); T3, the time point of 15 minutes after starting vibration; T4, the time point of 20 minutes after starting vibration; T5, the time point of 1 minute after cessation of vibration; T6, the time point of 5 minutes after cessation of vibration; MOL, minimal onset latency of the H-reflex; H~max~, maximal amplitude of the H-reflex; HMR, H~max~/M~max~ ratio; VII, vibratory inhibition index.

###### 

Generalized estimating equation (GEE) estimates of H~max~ and HMR

![](arm-38-494-i002)

All estimates of each parameter (H~max~ or HMR) were calculated from the GEE analysis.

H~max~, maximal amplitude of the H-reflex; M~max~, maximal amplitude of the M-response; HMR, H~max~/M~max~ ratio; H~Tn~, the value of each parameter (H~max~ or HMR) at Tn.

^a)^H~T0~ in tendon vibration test (test 1). ^b)^The difference between test 2 and test 1 from the Wald statistics with the adjustment of time effect. ^c)^The p-values from the Wald statistics of each parameter with the adjustment of location effect. ^d)^The difference between the parameters of each time point and that of T0 in the tendon vibration test (test 1) with the adjustment of location effect.
